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Introduction
Developmental studies on oligodendrocyte differentiation have shed light on oligodendrocyte regeneration and myelin repair in response to CNS injury, such as demyelination in multiple sclerosis. As oligodendrocyte regeneration in the adult CNS may be due to the recapitulation of developmental pathways, their study might provide the molecular basis to unravel signalling pathways regulating the migration and differentiation of adult oligodendrocyte progenitor cells (OPCs) (Fancy et al., 2010) . Furthermore, it has been shown that despite the presence of endogenous OPCs in chronic lesions of multiple sclerosis (Wolswijk, 1998; Chang et al., 2002) , they often fail to remyelinate axons, suggesting a differentiation failure (Arnett et al., 2004; Kuhlmann et al., 2008) . To overcome this remyelination deficiency, inducing migration of adult OPCs and/or their differentiation into remyelinating oligodendrocytes represents a rational approach for enhancing repair and neuroprotection in multiple sclerosis. Therefore, the identification of molecular pathways regulating OPC migration and differentiation during development may provide new potential targets for effective remyelinating therapies.
During development, the determination of OPCs is tightly regulated by a complex interplay of intrinsic, extrinsic and epigenetic factors (Rowitch and Kriegstein, 2010) . Among intrinsic factors, the basic helix-loop-helix (bHLH) transcription factor Olig2 has critical functions in oligodendrocyte determination (Rowitch, 2004) . Olig2 lossand gain-of-function studies provided compelling support of its requirement in oligodendrocyte specification (Lu et al., 2000 (Lu et al., , 2002 Zhou et al., 2000; Zhou and Anderson, 2002; Liu et al., 2007; Maire et al., 2010) . Furthermore, Olig2 remains expressed in OPCs (Lu et al., 2000; Takebayashi et al., 2000; Zhou et al., 2000) , suggesting additional functions during oligodendrocyte differentiation. Indeed, it has been shown that combined Olig2/ Nkx2.2 (Zhou et al., 2001) or Olig2/Zfp488 (Wang et al., 2006) overexpression in OPCs promoted their differentiation into myelinating oligodendrocytes. Other reports showed that overexpression of Olig2 alone triggers OPC differentiation (Liu et al., 2007) . However, the functional role of Olig2 in OPC differentiation and maturation during development and under pathological conditions has never been investigated in vivo using selective genetic tools.
In this study, we explore the functional role of Olig2 as a potential target regulating oligodendrocyte migration and differentiation during developmental myelination, in lysophosphatidylcholine (LPC)-induced demyelination and in multiple sclerosis. To decipher Olig2 function in OPCs, we generated transgenic mouse lines overexpressing Olig2 in Sox10 + oligodendroglial cells, using inducible tetracycline systems (Gossen and Bujard, 1992; Ludwig et al., 2004) . We demonstrate that overexpression of Olig2 alone is sufficient for enhancing OPC migration and differentiation, leading to precocious myelination. Interestingly under demyelinating conditions, inducible Olig2 overexpression increased the remyelination rate of LPC-induced lesions. Similarly, we showed that OLIG2 is upregulated in maturing RTN4-A/NOGO-A + oligodendrocytes in active and chronic active lesions, suggesting that upregulation of OLIG2 in adult OPCs is required for their proper differentiation and remyelination in multiple sclerosis.
Materials and methods

TetOlig2:Sox10
rtTA/ + and TetOlig2:Sox10-Cre/Rosa ÁtTA/ + transgenic mice
All experiments were performed according to European Community regulations and Inserm ethical committee (authorization A-75-2024; 26/10/2012) . TetOlig2 (EGFP5-tetO4Olig2) (Maire et al., 2010) mice were crossed with Sox10 rtTA/ + (Tet-On system) (Ludwig et al., 2004) or Sox10-Cre/Rosa
ÁtTA/ + inducer lines (Cre-dependent Tet-Off system) (Matsuoka et al., 2005; Wang et al., 2008) . In the Rosa ÁtTA/ + transgenic line, a neomycin-stop cassette flanked by two LoxP sites, upstream to tTA coding sequence, was inserted by homologous recombination into the Rosa locus, allowing Creconditional expression of tTA upon removal of the stop cassette (Wang et al., 2008 Tissue preparation, in situ hybridization and immunochemistry Mouse tissue sections (from E15.5 to P120) or post-mortem multiple sclerosis brain samples were processed for light and transmission electron microscopy (Bachelin et al., 2010; Maire et al., 2010) , in situ hybridization with specific riboprobes for Mbp, Plp1 or Myrf (Finzsch et al., 2010; Hornig et al., 2013) , or for immunohistochemistry using primary antibodies against APC (clone CC1), GFP, Ki67, MBP, NG2, NOGO-A/RTN4-A, Olig2, PCNA, PDGFRA and Sox10. Sources and working concentrations of primary antibodies are detailed in Supplementary Table 1 . Secondary antibodies were used at 1:1000 (Alexa-conjugated) and 1:100 (TRITC or FITC-conjugated). Nuclei were also counterstained with DAPI. In situ hybridization and immunolabelling were visualized using a bright field and fluorescence microscope (Leica). Images were processed using Explora Nova and Photoshop software. Statistical analyses were performed using Student or ANOVA Tukey tests (SigmaStat or GraphPad Prism 5 software).
Reverse transcriptase PCR and quantitative PCR
Total RNA from TetOlig2:Sox10 rtTA/ + , Sox10 rtTA/ + and wildtype were isolated from spinal cords using RNeasy Õ mini-kit (Qiagen). The concentration of total RNA was assessed by NanoDrop TM (Applied Biosystems) and adjusted to the same concentrations among samples. DNA contamination was eliminated by DNaseI/RNase-free treatment (Promega) and 500 ng aliquots of RNA were used to synthesize first strand cDNA using the SuperScript Õ Strand II cDNA synthesis (Invitrogen). Three replicate experiments were performed for quantitative PCR analysis using an ABIprism 7000 sequence detection system with TaqMan Õ gene expression assay probes (Applied Biosystems). Ct numbers were calculated for both reference gene (TBP) and target genes with auto-baseline and autothreshold. ÁÁCt was used to determine the fold increase.
OPC cultures and transduction
CG4 cells were cultured in N1/B104 medium (70 V/30 V) composed of Dulbecco's modified Eagle's medium and N1 supplement with B104 conditioned medium (B104CM, obtained after 3 days of conditioning serum-free N1 medium with the B104 neuroblastoma) (Louis et al., 1992; Avellana-Adalid et al., 1996) . Primary mouse OPCs were obtained from P0/P1 newborn c57bl6/J mice (Janvier). Briefly, brains were dissected free of meninges, dissociated with 0.05% trypsin/0.1% DNase. Cells were then plated at the density of 40 000 cells/mm 2 in Dulbecco's modified Eagle's medium /F12 medium (1:1) supplemented with N2 (1%), B27 (0.5%), insulin (25 mg/ml) glucose (6 mg/ml), HEPES (5 mM), FGF2 (10 ng/ml) and PDGF (10 ng/ml). CG4 cells or mouse OPCs (10 5 cells/mm 2 ) were transduced with bi-cistronic lentiviral vectors (50 ng of p24): pWPi-Olig2 encoding Olig2 cDNA and EGFP under the control of the ubiquitous EF1-alpha promoter (EF1-4Olig2-IRES-EGFP) or pWPi encoding EGFP alone (EF1-4IRES-EGFP) (Maire et al., 2009) . Transduced cells were expanded in their respective proliferation medium and fluorescence-activated cell sorting selected based on GFP (green fluorescent protein) expression.
Migration assays Spinal cord explants
To assess the role of Olig2 on OPC migration, time-lapse imaging on spinal cord explants were prepared from E13.5 TetOlig2:Sox10 rtTA/+ and TetGFP:Sox10 rtTA/+ (control) embryos. Briefly, embryos were dissected in 0.1 M phosphate-buffered saline and spinal cords finely dissected. Spinal cords were cut and cultured on polyornithine (PO, 100 mg/ml)/1% matrigel coated dishes in N1 medium, supplemented with 0.5% foetal calf serum and 2 mg/ml of doxycycline (Sigma-Aldrich). After overnight incubation at 37 C with 5% CO 2 , the migration of GFP + OPCs in TetOlig2:Sox10 rtTA/ + and control TetGFP:Sox10 rtTA/ + spinal cord explants was analysed during 24 h using an Axiovert 200 video microscope (Zeiss).
Images were taken every 10 min and analysed using MetaMorph Õ software. Several cells for each explant were followed and n 5 10 explants analysed for each genotype.
CG4 and mouse OPC spheres
pWPi-and pWPi-Olig2-transduced CG4 and mouse OPCs oligospheres were plated on polyornithine (100 mg/ml) or polyornithine (100 mg/ml)/laminin (1 mg/ml) -coated glass coverslips in N1B104CM medium (CG4 cells) or N2 supplemented with PDGF (10 ng/ml) and FGF (10 ng/ml, for mouse OPCs). Migration was assessed for 6 h for CG4 (n = 12 spheres) and 24 h for mouse OPCs (n = 10). Ten minute sequential images were taken and analysed using ImageJ software. The distance of migration corresponding to the mean distance achieved between each time interval and the migration velocity (whole distance/time) were quantified in each condition.
Differentiation assays and immunocytochemistry
CG4 oligospheres were dissociated into single cells with 0.05% trypsin, 0.1% glucose and 0.02% EDTA solution and plated onto polyornithine-(100 mg/ml) and laminin-(1 mg/ml; both from Sigma-Aldrich) coated coverslips. For differentiation assays, cells were placed in N1 medium without B104-CM supplemented with 0.5% foetal bovine serum for 3 and 7 days. Live cells were incubated with O4 and GalC primary antibodies (1:10, American Type Culture Collection) for 20 min, washed in 0.1 M phosphate-buffered saline, fixed with 4% paraformaldehyde and then incubated with appropriate secondary antibodies for 30 min. Nuclei were counterstained with DAPI.
Lysophosphatidylcholine-induced demyelination and remyelination analysis
Focal demyelinating lesions were induced by stereotaxic injection of 0.5% LPC in 0.1 M phosphate-buffered saline (SigmaAldrich) into the corpus callosum (AP: + 0.13 mm; ML: + 0.10 mm; DV: À0.17 mm relative to Bregma) as previously described (Nait-Oumesmar et al., 1999) . Wild-type and Sox10 rtTA/ + and TetOlig2:Sox10 rtTA/ + mice were induced 3 weeks before LPC injections and analysed at 7, 14 and 21 days post-injection. Images of transverse ultra-thin sections through the lesion were observed at a magnification of Â 6500 and analysed using ImageJ. For remyelination analysis, the percentage of remyelinated axons was quantified over the total number of axons, excluding non-myelinated (axonal diameter 41 mm 2 ) and non-demyelinated axons (G-ratio 4 0.55).
Multiple sclerosis tissue samples
Post-mortem human multiple sclerosis brain samples and control samples from individuals without neurological diseases were obtained from the UK MS Tissue Bank (Dr R. Reynolds, London). Informed consent had been obtained from each patient and this study was approved by the London Multicenter Research Ethics Committee (MREC 02/ 2/39). The clinical feature of these post-mortem multiple sclerosis cases and lesions analysed are detailed in Supplementary Table 2. Twelve micrometre frozen sections were performed and processed as previously described (Nait-Oumesmar et al., 2007) . Histological assessment of the lesions was performed using Luxol Fast blue/Cresyl violet and Oil-red-O staining.
Lesions were classified according to their inflammatory activity (KP1 and MHC-II immunolabelling) and on the basis of histological criteria (Lucchinetti et al., 1996) .
Results
Generation of a transgenic model of inducible overexpression of Olig2 in oligodendroglial cells
Although earlier studies indicated that Olig2 cooperates with additional factors to regulate oligodendroglial differentiation (Sun et al., 2001; Zhou et al., 2001; Wang et al., 2006) , others suggested that Olig2 overexpression alone is sufficient for inducing OPC differentiation (Liu et al., 2007) . However in these studies, overexpression of Olig2 was not selectively targeted to cells of oligodendroglial lineage. To obtain better insights on Olig2 function in vivo, we generated a doxycycline inducible bigenic TetOlig2:Sox10 rtTA/ + mouse line (Fig .  1A ) using a knock-in strain expressing the reverse tetracycline trans-activator rtTA-M2 under the control of the Sox10 promoter (Sox10 rtTA/ + ) (Ludwig et al., 2004) . In the TetOlig2 responder line, the expression of Olig2 and Egfp transgenes are controlled by the tetracycline-responsive element (Gossen and Bujard, 1992; Maire et al., 2010) . After doxycycline treatment, we confirmed that only double transgenic TetOlig2:Sox10 rtTA/ + mice express GFP, as illustrated in P0 spinal cords ( Fig. 1B and C (P = 0.009, Tukey test) and wild-type littermates (P = 0.012, Fig. 1E ). Expression of Sox10 is also decreased by 2-fold in TetOlig2:Sox10 rtTA/ + and Sox10 rtTA/ + with respect to wildtype (P = 0.0017 and P = 0.002, respectively; Fig. 1F ), indicating that Olig2 gain of function did not rescue Sox10 haplodeficiency. Together, these results indicate that this transgenic model provides a powerful tool to decipher Olig2 function in oligodendroglial cells.
Olig2 overexpression increases OPC migration
Having validated our Tet-On model, we next compared OPC development in TetOlig2:Sox10 rtTA/ + , Sox10
rtTA/ + and wild-type spinal cords after doxycycline induction from E10.5 to E15.5, E16.5, E18.5 or P0. First, we evaluated the OPC pool using Olig2 and NG2 labelling and found that the overall density of oligodendroglial cells was similar in spinal cords of all three genotypes from E15.5 to P0 (Fig. 2C ). However at E15.5 and E16.5, Olig2 + cell density was significantly increased in the marginal zone of the (P E15.5 = 0.007, P E16.5 = 0.0084) and wild-type (P E15.5 = 0.006, P E16.5 = 0.0084, n 5 3; Fig. 2A and D). NG2 + cell density was also increased at E15.5 in the marginal zone of the TetOlig2:Sox10 rtTA/ + spinal cord compared to Sox10 rtTA/ + (P = 0.031) and wild-type (P = 0.008, n = 3; Fig. 2A and E), confirming that this population represented OPCs. Furthermore, the number of Ki67 + ( Fig. 2A, B 3A) and analysed the migration of individual GFP + cells by time-lapse videomicroscopy over 24 h (Fig. 3B) . Our data demonstrated that the migration velocity of GFP + OPCs or the covered distance was significantly higher in TetOlig2:Sox10 rtTA/ + explants with respect to TetGFP:Sox10 rtTA/ + controls (P 5 0.001, Fig 3C) . To further confirm the effect of mice (dark grey bars) with respect to wild-type (white bars, P E15.5 = 0.006, P E16.5 = 0.0084) and Sox10 rtTA/ + mice (light grey bars, P E15.5 = 0.007, P E16.5 = 0.0084). (E) The density of NG2 + OPCs was also increased at E15.5 in the marginal zone of TetOlig2:Sox10 rtTA/ + compared to wild-type (P = 0.008) and Sox10 rtTA/ + (P = 0.031). Differences in Olig2 + or NG2 + OPC density were no longer observed at E18.5 and P0 (D and E). (F)
The density of Ki67 + proliferative cells was similar in all genetic strains at E15.5 and P0. Scale bars = 20 mm. Wt = wild-type.
Olig2 overexpression on OPC migration, we transduced CG4 cells (Louis et al., 1992) with lentiviral vectors overexpressing Olig2 and GFP (pWPi-Olig2) or GFP alone (pWPi) as a control (Maire et al., 2009) (Fig. 3D ). Before analysis, transduced CG4 were FACS-purified based on the expression of GFP (Fig. 3D) . Migration of CG4 cells overexpressing Olig2 was then compared to control using time-lapse video-microscopy over 6 h ( Fig. 3E) . We found that Olig2 overexpression in CG4 cells induced a significant increase of their migration velocity as well as their mean distance of migration (P 5 0.001, Fig. 3F ). Similar data were obtained in mouse OPCs transduced with pWPi-Olig2 lentivirus (P velocity = 0.0067, P distance = 0.0249; Supplementary Fig.  2 ). Taken together, these data demonstrate that Olig2 promotes migration in a cell autonomous manner. ÁtTA/ + sections of E18.5 embryos (at least n = 3 for each genotype; Fig. 4) . As previously reported, the expression of Myrf, Mbp and Plp1 was significantly decreased in Sox10 rtTA/ + deficient embryos with respect to wild-type (P Myrf = 0.031, P Mbp = 0.0017, P Plp1 = 0.005; Fig. 4A-C) , confirming the slight delay of OPC differentiation in Sox10 + /À heterozygous strain (Stolt et al., 2002 (Stolt et al., , 2004 rtTA/ + deficient mice (P Myrf = 0.046, P Mbp = 0.0202, P Plp1 5 0.001; Fig. 4A-C) . As OPC differentiation is slightly delayed in Sox10 rtTA/ + deficient mice, one could argue that the effect of Olig2 overexpression might be limited to this genetic background. To exclude this possibility, we generated TetOlig2:Sox10-Cre/Rosa26
ÁtTA/ + triple transgenic mice, which had two Sox10 alleles similar to wild-type ( Supplementary Fig.  3A-C TetOlig2:Sox10-Cre/Rosa26 ÁtTA/ + with respect to both wild-type (P Myrf = 0.0047, P Mbp = 0.0076, P Plp1 = 0.0117), Sox10 rtTA/ + (P Myrf = 0.002, P Mbp 5 0.001, P Plp1 5 0.001) and TetOlig2:Sox10 rtTA/ + strains . (P Myrf = 0.0382, P Plp1 = 0.0228; Fig. 4A-C) . Therefore, our data demonstrated that the pro-differentiation effect of Olig2 gain of function in OPCs is not only restricted to Sox10 rtTA/ + heterozygous mice, but also found in mouse strains with physiological expression level of SOX10. It is noteworthy that similar to TetOlig2:Sox10 rtTA/ + mice induced since E10.5, TetOlig2:Sox10-Cre/Rosa
ÁtTA/ + transgenic mice are lethal around birth ( Supplementary Fig. 3A-C) , precluding the use of this transgenic model at postnatal or adult stages.
To assess the effect Olig2 gain of function on oligodendrocyte maturation and myelination, we generated TetOlig2: Sox10 rtTA/ + , Sox10 rtTA/ + and wild-type mice induced from E10.5 to P0 or from E18.5 to P5 or P15 (at least n = 3 for each genotype). At these different developmental time points, our data indicated that the density of CC1 + /Sox10 + oligodendrocytes was decreased in Sox10 rtTA/ + deficient mice with respect to wild-type (P P0 = 0.02, P P5 = 0.03, P P15 = 0.041; Fig. 5A and C) . Interestingly, the delay in OPC differentiation was rescued in TetOlig2:Sox10 rtTA/ + (P P0 = 0.001, P P5 = 0.036, P P15 = 0.006; Fig. 5A and C) . To further validate these data, we performed in vitro differentiation assays using pWi-and pWi-Olig2-transduced CG4 cells. We found that Olig2 overexpression in CG4 cells significantly increased the number of O4 + (P 5 0.001; Supplementary Fig. 4A and B) and GalC + (P = 0.014; Supplementary Fig. 4C and D) oligodendrocytes compared to controls, after 7 days in differentiation medium.
Based on these findings, we then compared myelination in TetOlig2:Sox10 rtTA/ + , Sox10 rtTA + / À and wild-type spinal cords, using myelin basic protein (MBP) immunohistochemistry and quantification of myelinated axons by electronic microscopy ( Fig. 5B and D and Supplementary Fig.  5 ). At P0, we found that myelination was precocious in the TetOlig2:Sox10 rtTA/ + spinal cord as compared to wild-type and Sox10 rtTA/ + , which became more obvious at P10 (Supplementary Fig. 5A ). Advanced myelination under Olig2 overexpression was also supported by the significant increase of myelinated axons in TetOlig2:Sox10 rtTA/ + compared to Sox10 rtTA/ + and wild-type at P10 (P = 0.016, P = 0.0056, respectively; Fig. 5D and Supplementary Fig.  5B ). Nonetheless, G ratios in ventral spinal cords did not differ significantly between the three genotypes (Fig. 5E) , therefore indicating that Olig2 overexpression in OPCs did not alter myelin thickness. Overall, our results demonstrate that gain of Olig2 function in OPCs enhances their differentiation, leading to precocious CNS myelination.
Gain of Olig2 function in adult OPCs accelerates remyelination
In addition to the analysis of the TetOlig2:Sox10 rtTA/ + transgenic line during CNS development, we examined whether manipulating expression levels of Olig2 in adult OPCs enhances remyelination of demyelinated CNS lesions. We first verified the functionality of our Tet-On system in the adult brain of TetOlig2:Sox10 rtTA/ + , Sox10 rtTA/ + and wild-type adult mice, treated with doxycycline during 3 weeks. As expected, GFP + cells were only detected in the adult TetOlig2:Sox10 rtTA/ + mouse brain, notably in the corpus callosum, fimbria and striatum ( Supplementary  Fig. 6A ). We also noticed that GFP + cells were more prominent around subventricular regions, such as the lateral ventricles, whereas only scattered GFP + cells were detected in white matter tracts like the corpus callosum ( Supplementary Fig. 6A ). As already described during embryonic and postnatal development, virtually all GFP + cells expressed Olig2 (100%) and Sox10 (97.16 AE 0.97%; Supplementary Fig. 6B ). Furthermore, double immunolabelling for NG2/GFP and CC1/GFP indicated that Olig2 overexpression was selectively targeted in adult OPCs (27.13 AE 4.14%) and mature oligodendrocytes (64.57 AE 2.57%; Supplementary Fig. 6B ). GFP labelling was never detected in NeuN + neurons or GFAP + astrocytes (data not shown).
To assess the consequence of Olig2 gain of function in adult OPCs under demyelinating conditions, we performed LPC-induced focal demyelinating lesions in the corpus callosum of adult TetOlig2:Sox10 rtTA/ + , Sox10 rtTA/ + and wild-type mice. Doxycycline treatment was initiated 3 weeks before LPC injections and continued for 7, 14 or 21 days post-injection, corresponding to recruitment, differentiation and remyelination phases of the lesion (Fig. 6A) . In doxycycline-treated TetOlig2:Sox10 rtTA/ + mice, numerous GFP + cells were detected in LPC lesions, as illustrated at 7 days post-injection, compared to the non-demyelinated condition, where few GFP + cells were detected in the corpus callosum (Fig. 6B) . To examine the effects of inducible Olig2 on OPC differentiation, we quantified the density of NG2 + OPCs and CC1 + differentiated oligodendrocytes in the lesion at 7 days post-injection ( Fig. 6C  and D) . We found that the percentage of NG2 + OPCs was significantly lower in LPC lesions of TetOlig2:Sox10 rtTA/ + mice with respect to Sox10 rtTA/ + and wild-type mice (both P 5 0.05; Fig 6C) . In contrast, the percentage of CC1 + differentiated oligodendrocytes was significantly enhanced in lesions of TetOlig2:Sox10 rtTA/ + mice compared to Sox10 rtTA/ + and wild-type strains (P 5 0.05; Fig. 6C ), indicating that Olig2 overexpression promotes OPC differentiation in demyelinated lesions. Although we could not rule out an effect of Olig2 overexpression on OPC migration, the restricted induction of Olig2 gain of function in LPC lesions did not allow us to analyse the consequence of forced Olig2 on OPC migration after demyelination. To determine the effect of Olig2 overexpression on the remyelination rate of LPC lesions, we next quantified the number of remyelinated axons with thin myelin sheaths (Fig. 7A) over the total number of axons on ultra-thin sections through the lesion at 7, 14 and 21 days post-injection (n 5 3 for each genotype at each time points).
Ultrastructural analysis confirmed the presence of remyelinated and demyelinated axons within the lesions at 7, 14 and 21 days post-injection in all genotypes ( Fig. 7B and C) . Interestingly, we found that the percentage of remyelinated axons, which increased gradually from 7 to 21 days postinjection in the three genotypes, was significantly higher in LPC lesions of TetOlig2:Sox10 rtTA/ + mice at 7 and 14 days post-injection (dpi) with respect to wild-type (P 7dpi = 0.0095, P 14dpi = 0.0413) and Sox10 rtTA + /-mice (P 7dpi 5 0.001, P 14dpi = 0.0343; Fig. 7B and C) . Interestingly at 21 days post-injection, the percentage of remyelinated axons within the lesions was nearly similar in the three genotypes ( Fig. 7B and C) , clearly demonstrating that gain of Olig2 function in adult OPCs accelerates the remyelination rate of demyelinated lesions by inducing OPC differentiation. 
OLIG2 expression is upregulated in differentiating OPCs in multiple sclerosis lesions
To extend our analysis of OLIG2 function in demyelinating diseases, we analysed its expression pattern in multiple sclerosis lesions. Following experimental demyelination, several transcription factors, which are key determinants of cell differentiation, are upregulated in OPCs. In these models, changes in expression levels of NKX2-2, OLIG1/2 and SOX10 transcription factors are associated with the activation of endogenous OPCs in response to demyelination. However, the existence of such events in multiple sclerosis has so far only rarely been analysed. We analysed OLIG2 expression by immunohistochemical analysis in eight multiple sclerosis brain samples, containing chronic active (n = 10), chronic silent (n = 4) and remyelinated lesions (n = 2) as well as normal appearing white matter (Supplementary Table 2 and Fig. 8A ). Immunolabelling for OLIG2 and PCNA or NOGO-A confirmed its specific expression in immature and differentiated oligodendrocytes, respectively (Fig. 8B) . Interestingly, our data showed differential expression levels of OLIG2, according to the activity of the lesion. Indeed, the density of OLIG2 + cells was significantly higher in active lesions than in chronic active or chronic lesions (P = 0.0025 and P = 0.0047, respectively; Fig.  8C ). These data suggest that increased levels of OLIG2 in active and chronic active multiple sclerosis plaques were mainly associated with the activation of endogenous OPCs. Consistent with this hypothesis, intermediate density of OLIG2 + oligodendrocytes was detected in shadow plaques (Fig. 8C) . Importantly, quantification of OLIG2 + cells expressing PCNA (OPCs) or NOGO-A, a marker of maturing oligodendrocytes, indicated that OLIG2 expression occurred predominantly in differentiating oligodendrocytes in active lesion borders of multiple sclerosis (Fig. 8D) . Altogether, our data suggest that upregulation of OLIG2 in adult OPCs might play a critical function in oligodendrocyte regeneration and remyelination in multiple sclerosis. 
Discussion
Olig2 plays a critical role in oligodendrocyte specification during development. However, its functional role in oligodendrocyte differentiation during development and in demyelinating diseases, such as multiple sclerosis, remains poorly understood. The main objectives of the present study aimed to test whether forced expression of Olig2 in OPCs affects cell migration and differentiation in a cellautonomous manner, both during developmental myelination and under pathological conditions in adulthood.
Here, we show that specific Olig2 overexpression in Altogether, these data provide proof of concept that targeting OLIG2 expression in oligodendrocytes could be a suitable mechanism to promote myelin regeneration in CNS demyelinating disorders.
The TetOlig2 mouse provides a powerful genetic tool to unravel Olig2 function in myelination and myelin repair
So far, the role of Olig2 in oligodendrocyte differentiation has been hampered by the lack of specific loss-and gain of function studies in oligodendroglial cells. Previous Olig2 gain of function in neural precursor cells leads to controversial interpretations of its function in cell differentiation (Sun et al., 2001; Zhou et al., 2001; Wang et al., 2006; Liu et al., 2007) . These studies mainly used electroporation in the developing chick neural tube or viral transduction of neuroepithelial cells but did not target specifically oligodendroglial cells. To clarify the effect of Olig2 on OPC differentiation, we generated innovative transgenic mouse models. For this purpose, TetOlig2 mice were crossed with inducer lines expressing rtTA (Ludwig et al., 2004) or Cre-dependent tTA under the control of the Sox10 promoter (Matsuoka et al., 2005; Wang et al., 2008) . These models provided selective genetic tools for controlled and inducible expression of Olig2 in oligodendroglial cells, at embryonic and postnatal stages. However, it is noteworthy that TetOlig2:Sox10-Cre/Rosa ÁtTA/ + transgenic mice were not viable and died around birth due to severe developmental malformations, including abnormal facial skull and open eyes (Supplementary Fig. 3 ). These defects were likely related to ectopic expression of Olig2 in neural crest derivatives and their resulting altered development.
An unexpected role for Olig2 in OPC migration
Our developmental analysis of TetOlig2:Sox10 rtTA/ + mice revealed that overexpression of Olig2 during early embryogenesis increased the migration of OPCs in the developing spinal cord. We showed that this effect was not related to increased cell proliferation or cell survival, as the number of Ki67 + or TUNEL + apoptotic cells was not affected. These data were also confirmed by time-lapse video-microscopy both in mouse OPCs and CG4 cell cultures, as well as in spinal cord explants derived from controls and TetOlig2:Sox10 rtTA/ + transgenic mouse embryos.
Similarly, one could speculate that overexpression of Olig2 in adult OPCs following demyelination might also promote their migration towards the lesions. Nonetheless, in TetOlig2:Sox10 rtTA/ + mice, the restricted induction of Olig2 gain of function in OPCs within LPC-induced demyelinated lesions did not allow us to assess the impact of Olig2 overexpression on OPC migration under pathological conditions. Olig2 has been previously implicated in the migration of the glioblastoma cell line U12-1 (Tabu et al., 2007) , in which it inhibited cell migration. In contrast, our study indicates that Olig2 promotes OPC migration. This discrepancy may be explained by the fact that Olig2 function in cell migration may differ according to the cell type analysed. One could speculate that Olig2 may promote or inhibit cell migration according to its binding partners. Indeed the physiological effects of bHLH transcription factors are critically dependent to the association with their binding partners (Ross et al., 2003) . Interestingly, the involvement of Olig2 in cell migration is also supported by its ability to regulate the expression of RhoGTPases and LIM kinases, two major regulators of cytoskeletal reorganization (Tabu et al., 2007) . A comparative gene expression profiling analysis between Olig2-overexpressing and control OPCs will shed light on critical effectors that regulate Olig2-dependent migration. Intriguingly, although bHLH transcription factors, including Olig2, have been extensively studied for their properties in cell fate specification in various tissues, recent reports also link these factors to cell migration. For instance, Hand2 enhances the expression of metalloproteinases (Yin et al., 2010) and Twist1 regulates several genes involved in cytoskeleton reorganization (Mikheeva et al., 2010) . Furthermore Ngn1 (now known as Neurog1), NGN2 (now known as Neurog2), Mash1 (now known as Ascl1) and Neurod1, which are key determinants in neuronal determination, also modulate cell migration during cortical embryogenesis (Ge et al., 2006) . Taken together, these studies suggest that bHLH transcription factors, closely related to Olig2, direct both neural stem cell fate and migration of committed cells.
Olig2 gain of function in OPCs promotes differentiation into myelinating oligodendrocytes
Our Olig2 overexpressing transgenic mouse models allowed us to precisely decipher the function of this factor in OPC differentiation. Our current analyses of TetOlig2:Sox10 rtTA/ + and TetOlig2:Sox10-Cre/Rosa
ÁtTA/ + provide clear evidence that forced expression of Olig2 in OPCs enhances the density of differentiated oligodendrocytes in presumptive white matter of spinal cord, at different developmental time points (Richardson et al., 1997 rtTA/ + heterozygous mice (Stolt et al., 2002 (Stolt et al., , 2004 (Zhu et al., 2012; Mei et al., 2013) .
To obtain additional insight into the molecular mechanisms underlying the pro-differentiation effect of Olig2, we performed gene expression profiling by real-time PCR, focusing on critical regulators of the myelination process. We checked whether Olig2 overexpression may control Olig1 and Sox10 gene expression, as Olig2 binds to the U2 enhancer element of the Sox10 promoter (Kuspert et al., 2011) . Our data did not reveal any significant modification of Olig1 or Sox10 expression level (data not shown), suggesting that other transcriptional pathways are likely involved in the pro-differentiation effect of Olig2. In this regard, Nkx2.2 is an interesting candidate as it interacts genetically with both Olig2 and Sox10 (Liu et al., 2007) . Moreover, cooperation of overexpressed Olig2 with other regulatory factors such as Zfp488 (Wang et al., 2006) or Brg1 may also promote the transcription of major myelin genes (Yu et al., 2013) . Overall our findings provide compelling evidence that Olig2 overexpression enhances OPC differentiation that subsequently leads to an acceleration of the myelination process.
Olig2, a putative target for oligodendrocyte regeneration in demyelinating diseases?
To determine whether Olig2 gain of function may promote oligodendrocyte regeneration and remyelination under pathological conditions, adult TetOlig2:Sox10 rtTA/ + mice and control littermates were subjected to focal demyelination induced by LPC injections. Interestingly, targeted Olig2 overexpression in adult OPCs potentiates the remyelination rate of demyelinated lesions by inducing OPC differentiation. These findings are particularly relevant for multiple sclerosis, in which a differentiation block of adult OPCs might be a major cause of the remyelination failure (Arnett et al., 2004; Kuhlmann et al., 2008) . In general, the repair capacity of adult OPCs is still poorly understood (Fancy et al., 2010) . We quantified OLIG2-expressing cells in active, chronic active and chronic silent lesions, as well as in remyelinated shadow plaques and normal-appearing white matter of multiple sclerosis brain samples. Interestingly, we detected differential expression levels of OLIG2 according to lesion activity, which are higher in active than in chronic silent lesions and normal appearing white matter. These data suggest that upregulation of OLIG2 in endogenous OPCs within active lesions may be linked to their ability to regenerate remyelinating oligodendrocytes. This hypothesis is also supported by our immunohistological analysis demonstrating that OLIG2 was mainly detected in NOGO-A + maturing oligodendrocytes. However, the upregulation of OLIG2 expression alone might be insufficient to promote oligodendrocyte regeneration in active multiple sclerosis lesions and may require additional co-factors, such as NKX2-2 or MASH1 (Nakatani et al., 2013) .
Our data support the notion that targeting OLIG2 expression may promote oligodendrocyte regeneration for myelin repair in CNS demyelinating diseases. For a translation towards therapeutics, a pharmacological and selective modulation of OLIG2 expression in adult OPCs is required. Although transcription factors are not easily targeted by drugs, it has been recently demonstrated that stapled peptides, a new class of synthetic factors that are cell-permeable and stabilized alpha-helical peptides, modulate critical protein-protein interactions and thus are able to regulate selectively intracellular biological targets (Kim et al., 2011) . For instance, selective stapled peptides modulating Notch (Moellering et al., 2009) or Wnt/b-catenin (Cui et al., 2013) signalling pathways have been developed in cancer research. The development of specific stapled peptides modulating OLIG2 biological activity could be of therapeutic value for enhancing remyelination. Still, this strategy requires a better understanding of the structural and functional domains of OLIG2 that participate in interactions with other factors (Sun et al., 2003; Samanta and Kessler, 2004 ). E-box proteins have been shown to be required for the transcriptional activity of OLIG2, whereas NKX2-2 and ID proteins have been implicated in oligodendrocyte and astrocyte determination. Furthermore, studies indicate that OLIG2 functions are critically regulated by phosphorylation mechanisms (Li et al., 2011; Sun et al., 2011) . The use of small agonists of the sonic hedgehog signalling pathway could be also envisioned to modulate OLIG2 expression and to promote CNS remyelination (Ferent et al., 2013) . Although targeted OLIG2 gain of function in adult OPCs seems a rational way to promote myelin regeneration in demyelinating diseases, the development of such strategies will undoubtedly require better insights into the molecular mechanisms of this master transcription factor.
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